Abstract While diabetic patients often present with comorbid depression, the underlying mechanisms linking diabetes and depression are unknown. The Wistar Kyoto (WKY) rat is a well-known animal model of depression and stress hyperreactivity. In addition, the WKY rat is glucose intolerant and likely harbors diabetes susceptibility alleles. We conducted a quantitative trait loci (QTL) analysis in the segregating F 2 population of a WKY 9 Fischer 344 (F344) intercross. We previously published QTL analyses for depressive behavior and hypothalamic-pituitary-adrenal (HPA) activity in this cross. In this study we report results from the QTL analysis for multiple metabolic phenotypes, including fasting glucose, post-restraint stress glucose, postprandial glucose and insulin, and body weight. We identified multiple QTLs for each trait and many of the QTLs overlap with those previously identified using inbred models of type 2 diabetes (T2D). Significant correlations were found between metabolic traits and HPA axis measures, as well as forced swim test behavior. Several metabolic loci overlap with loci previously identified for HPA activity and forced swim behavior in this F 2 intercross, suggesting that the genetic mechanisms underlying these traits may be similar. These results indicate that WKY rats harbor diabetes susceptibility alleles and suggest that this strain may be useful for dissecting the underlying genetic mechanisms linking diabetes, HPA activity, and depression.
Introduction
There is a high prevalence of depression in patients with diabetes. Approximately one-third of diabetic patients also exhibit comorbid depression, and the odds of developing depression double in diabetics over the general population (Anderson et al. 2001) . A recent study also found that depression is associated with a 60% increase risk of type 2 diabetes (Mezuk et al. 2008) . It has been hypothesized that the causative link between depression and diabetes may be altered function of the hypothalamic-pituitary-adrenal (HPA) axis (Golden 2007; Reagan et al. 2008) . Both diabetics (Bruehl et al. 2007; Chan et al. 2003) and those with depression (Gold et al. 1996; Pariante and Lightman 2008) can exhibit increased plasma cortisol as well as increased sensitivity to acute and chronic stress. Furthermore, animal models of diabetes exhibit similar HPA abnormalities, including increased basal plasma adrenocorticotropin hormone (ACTH) and corticosterone levels, and these abnormalities can be reversed with insulin treatment (Chan et al. 2002) . It is also known that a chronic increase in glucocorticoids can lead to insulin resistance (McMahon et al. 1988) . In addition, the neurological changes caused by chronic stress are similar to the changes found in animal models of diabetes (dendritic remodeling in the hippocampus, synaptic reorganization, and neuronal apoptosis), and many of these changes can be reversed with insulin replacement (Biessels et al. 1996; Reagan 2002) .
The Wistar Kyoto (WKY) rat is a well-studied rat model of depression that also exhibits HPA axis dysfunction. The HPA abnormalities in the WKY rat include increased ACTH in response to stress (Redei et al. 1994; Rittenhouse et al. 2002) and altered levels of the 24-h diurnal secretion pattern of plasma ACTH and corticosterone (Solberg et al. 2001) . WKY rats also exhibit a sexually dimorphic response to stress, with males exhibiting decreased corticosterone and females exhibiting increased corticosterone responses to stress relative to F344 rats (Solberg et al. 2003) . The WKY rat also exhibits hyperglycemia and hyperinsulinemia in response to a glucose challenge (Katayama et al. 1997 ). In fact, unlike the Zucker fatty rat, when the fa gene is mutated in the WKY rat, these animals not only become obese but also develop diabetes (Ikeda et al. 1981; Zucker and Antoniades 1972) , indicating that WKY rats likely harbor diabetes susceptibility alleles. It is not known if the increased HPA activity in this strain is contributing to the hyperglycemia and insulin resistance or if there is a causal relationship between the hyperglycemia and the depressive behavior.
We have previously mapped genetic loci that contribute to depressive behavior in the forced swim test (Solberg et al. 2004 ) and altered HPA function, including basal and stress corticosterone and adrenal weight (Solberg et al. 2006 ) in a WKY 9 Fischer 344 (F344) F 2 intercross. The following study was undertaken to determine the nature of the relationship between metabolic dysfunction, HPA abnormalities, and depressive behavior in the WKY rat and to determine if the underlying genetic basis of metabolic dysfunction of the WKY rat is similar to the previously published genetic basis of HPA dysfunction and depressive behavior in this animal model.
Materials and methods

Animals
A total of 28 male and 20 female WKY/NHsd and F344/ NHsd rats were obtained from Harlan Sprague Dawley (Indianapolis, IN) at approximately 10 weeks of age. For simplicity, these rats will be referred to as WKY and F344 from here on. As previously described, parental WKY and F344 animals were bred reciprocally to generate 121 F 1 animals (Solberg et al. 2004 (Solberg et al. , 2006 . Sister-brother breeding of both lineages (WKY and F344 mother) of F 1 s generated 486 F 2 generation animals. Animals were raised in a 14:10 light:-dark cycle (lights on at 7:00 a.m. and off at 9:00 p.m. Central Standard Time) and kept under constant ambient temperature (21 ± 1°C) with food and water available ad libitum.
Experimental protocol
The experimental protocol was approved by the IACUC committee at Northwestern University. All procedures were conducted in both male and female WKY and F344 inbreds as well as male and female F 2 animals, with the exception of weight at week 11, which was done only in the F 2 generation. At 15 weeks of age, animals were placed in a restraint tube for 30 min, after which blood was collected on ice for determination of post-restraint stress glucose levels. Two weeks later a glucose tolerance test was conducted as follows: Prior to the glucose tolerance test, animals were fasted overnight for approximately 16 h. In the morning, animals were weighed and allowed to rest undisturbed for 2 h, after which a blood sample was collected for determination of basal glucose levels. Animals were then injected intraperitoneally with 2 g glucose/kg. One hour after the injection, animals were sacrificed by decapitation and trunk blood was collected on ice. Blood was spun at 4°C and serum was collected and stored at -80°C for subsequent determination of glucose and insulin content.
Glucose assay
Glucose content was analyzed by the glucose oxidase method using the colorimetric assay from Stanbio Laboratories (San Antonio, TX) according to the manufacturer's protocol.
Insulin assay
Insulin levels were determined by double antibody radioimmunoassay with 125-I human insulin from Eli Lilly and guinea pig anti-human insulin antibody produced at the Endocrinology Laboratory, University of Chicago, with a rat insulin standard. The lower limit of detection was 1 lU/ ml, with an interassay variability of 16% and an intra-assay variability of 13%.
Genotyping
The genotyping protocol has been previously described (Solberg et al. 2004 (Solberg et al. , 2006 . Briefly, 108 polymorphic SSLP markers were typed on genomic DNA. Markers were spaced an average of 16 cM apart (range = 2-27 cM). PCR products of markers with interstrain differences under 12 bp were separated on 6% polyacrylamide gels, whereas those over 12 bp were separated on agarose gels.
Genome scan analysis
Prior to genetic analysis, data for all phenotypic traits were log-transformed to minimize skew. We carried out standard genome scans using the pseudomarker (release 1.03) software package (Sen and Churchill 2001) (http://www. jax.org/staff/churchill/labsite/software/). We included an additive covariate representing all combinations of sex and lineage (WKY or F344 grandfather) to account for sex-and lineage-specific differences in the phenotypes. In addition, we carried out scans for QTL 9 sex and QTL 9 lineage effects, as previously described (Solberg et al. 2004) . Significance thresholds were established using permutation analysis (Churchill and Doerge 1994) . Significant QTL were those that exceeded the 0.05 genome-wide adjusted threshold and suggestive QTL exceeded or approached the 0.63 genome-wide adjusted threshold (Lander and Kruglyak 1995) .
We used a pairwise search strategy (Sen and Churchill 2001) to examine all possible locus pairs to search for epistatic interactions between QTL. We included sex and lineage as additive covariates in the pairwise scans. Significance thresholds for the pairwise scans were established by analysis of 100 permutated data sets. Because of the limited number of permutations and variation in thresholds across traits, we rounded the estimated genome-wide significance thresholds upward and used uniform values of 11 (full LOD score) and 5 (interaction LOD score) for all traits (Sen and Churchill 2001) .
All loci and interactions that were detected by genome scans were entered into a multiple-regression model as previously described (Solberg et al. 2004 (Solberg et al. , 2006 . This multiple-regression analysis was carried out using R/qtl software (Broman et al. 2003) (http://www.biostat.jhsph. edu/*kbroman/software). Briefly, for each trait separately, individual terms were dropped in a backward elimination search until all terms remaining in the model were significant at the p \ 0.05 or the p \ 0.01 level. Main effects that were included in significant interaction were retained in the model. The result is a list of QTLs with estimated effects that are adjusted for all other QTLs in the model.
Statistical analysis
A one-way analysis of variance (ANOVA) was used to determine statistical significance of strain (WKY or F344) in both males and females, separately, in the parent generation. A two-way ANOVA was also used to determine the effect of sex (male or female) and lineage (WKY or F344 grandfather) in the F 2 generation. Statistical comparisons between groups are reported as ANOVA F statistics using conventional methods (e.g., F 1,43 = 5.9, p \ 0.05, where 1,43 are the degrees of freedom, 5.9 is the F value and p \ 0.05 is the significance level).
Results
Metabolic measurements in parent inbreds: WKY and F344
Fasting glucose levels were significantly higher in both male (F 1,43 = 5.9, p \ 0.05) and female (F 1,23 = 4.1, p \ 0.05) WKY rats relative to F344 males and females, corroborating previous findings of increased fasting glucose in WKY relative to Wistar rats (Katayama et al. 1997) (Table 1) . WKY rats also exhibited significantly higher glucose levels after restraint stress relative to F344 rats. This difference was seen in both males (F 1,39 = 27.38, p \ 0.001) and females (F 1,43 = 64.7, p \ 0.001). In addition, glucose levels measured 60 min after a glucose challenge were significantly higher in both male (F 1,29 = 49.0, p \ 0.001) and female (F 1,19 = 19.5, p \ 0.001) WKY rats relative to male and female F344 rats, confirming glucose intolerance in WKY rats (Katayama Glucose post-restraint stress There is a significant main effect of sex in the F 2 generation (F 1,479 = 37.7, p \ 0.0001), with females exhibiting significantly lower post-restraint stress glucose than males. There is no effect of lineage in the F 2 generation. We identified two significant loci on chromosomes 1 and 5 and four suggestive loci on chromosomes 3, 8, 17, and 20 (Fig. 2,  Table 3 ). These loci have been named Gluco45-50 with the following RGD identification numbers: 2303576, 2303593, 2303577, 2303570, 2303580, and 2303578. All loci were retained in the regression model. The WKY locus increased postrestraint stress glucose levels at all loci except Gluco46 (chromosome 3; data not shown). No pairwise interactions were identified.
Postprandial glucose In the F 2 generation there is a significant main effect of sex (F 1,482 = 87.4, p \ 0.0001), again with females exhibiting significantly lower levels of glucose than males. There is no effect of lineage in the F 2 generation. We identified one significant locus on chromosome 1 and four suggestive loci on chromosomes 5, 7, 9, and 18 ( Fig. 3, Table 4 ). These loci have been named Gluco51-55 with the following RGD identification numbers: 2030592, 2303586, 2030582, 2303559, and 2303584. Gluco54 (chromosome 9) interacted significantly with sex, with the WKY locus decreasing glucose levels only in females (Fig. 4) . For all other loci, the WKY allele increased glucose levels (data not shown). All loci, except for Gluco52 (chromosome 5), were retained in the regression model. No pairwise interactions were identified. Postprandial insulin There is a significant main effect of sex in the F 2 generation (F 1,476 = 269.2, p \ 0.0001), with females exhibiting significantly lower levels of insulin than males. There is also a significant effect of lineage (F 1,476 = 17.0, p \ 0.0001), with animals from a WKY grandfather exhibiting increased levels of insulin relative to those from a F344 grandfather. We identified two significant loci on chromosomes 1 and 12 and one suggestive locus on chromosome 8 (Fig. 5 , Table 5 ). These loci have been named Insul12-14 and have been given the following RGD identification numbers: 2303579, 2303572, and 2303575. Insul13 (chromosome 8) was not retained in the regression model. No further loci were identified when sex or lineage were added as covariates. The WKY locus increased insulin levels at both significant loci. No pairwise interactions were found.
Body weight There is a significant main effect of sex when animals are both 11 (F 1,457 = 437, p \ 0.0001) and 17 (F 1,484 = 463, p \ 0.0001) weeks of age, with females exhibiting significantly lower body weight than males. At 17 weeks of age there is also a significant effect of lineage (F 1,484 = 10.9, p \ 0.01). At 11 weeks of age we identified three significant loci on chromosomes 1, 4, and 18 and three suggestive loci on chromosomes 10, 12, and 16 (Fig. 6a, Table 6 ). At 17 weeks of age we identified three significant loci on chromosomes 1, 4, and 13 and four Niddm1, 7, 16, 24, 35, 44, 64, 65, 66 (Chung et al. 1997; Fakhrai-Rad et al. 2000; Galli et al. 1996 Galli et al. , 1999 Gauguier et al. 1996; Granhall et al. 2006; Kanemoto et al. 1998; Lin et al. 2001; Wei et al. 1999) TCF7L2, HHEX-IDE (Lango et al. 2008) reported (basal corticosterone, stress corticosterone, and adrenal gland weight) (Solberg et al. 2003 (Solberg et al. , 2006 , depressive behavior in the forced swim test (Solberg et al. 2004) , and all of the currently reported metabolic measures in the F 2 generation. To avoid spurious correlations based on sex differences, correlation coefficients were calculated separately for males and females. A significant positive correlation was found in both males and females between postrestraint stress glucose and basal and stress corticosterone (Table 7 ). In addition, postprandial glucose and postrestraint stress glucose were positively correlated and postprandial glucose and insulin were positively correlated. No correlations were noted between HPA axis measures and postprandial glucose or insulin levels. Finally, a negative correlation was found between postprandial glucose and climbing only in females. When two or more traits mapped to a single locus (see Relevant Overlapping Loci in Tables 3 and 4 ; Gluco46, 47, 53, 54), we went on to calculate Pearson's correlation coefficient after dividing animals into subgroups based genotype at that locus. Gluco46 maps to post-restraint stress glucose in the current study and also overlaps stress corticosterone locus Srcrt-2 (Solberg et al. 2006 ) and climbing locus Climb-4 (Solberg et al. 2004 ). After grouping animals based on genotype at this locus, significant correlations were found in some groups but not others (Table 8) . Post-restraint stress glucose and stress corticosterone were significantly correlated in male and female F344 homozygotes (r = 0.297 and 0.289, respectively, p \ 0.05) as well as in female heterozygotes (r = 0.338, p \ 0.001). Interestingly, the F344 allele at Gluco46 results in increased stress glucose (suggesting transgressive segregation) and increased stress corticosterone (Solberg et al. 2006) in the F 2 generation. Post-restraint stress glucose and climbing were significantly negatively correlated only in heterozygote females (r = -0.215, p \ 0.01), while stress corticosterone and climbing were significantly correlated in heterozygote males (r = 0.254, p \ 0.01) and F344 homozygote females (r = 0.447, p \ 0.01). These results are particularly interesting, as climbing was not previously correlated with either post-restraint stress glucose or corticosterone. Gluco47, a locus identified for post-restraint stress glucose, overlaps the basal corticosterone locus Srcrtb-2 (Solberg et al. 2006) . When correlations were determined after subdividing based on genotype at this locus, significance was found only in heterozygous females (r = 0.251, p \ 0.05). Gluco53, a locus identified for postprandial glucose in the current study, overlaps adrenal weight locus Sradr-5 (Solberg et al. 2006) . No significant correlations were found between these traits either before or after subdividing by genotype at this locus. Gluco54, a locus identified for postprandial glucose, overlaps a locus previously identified for FST immobility, Imm-5 (Solberg et al. 2004 ). While no correlation was seen between these traits in the initial analysis, after dividing animals into subgroups based on genotype, a significant correlation was found in males that were homozygous for the F344 allele at this locus (r = 0.366, p \ 0.05). Interestingly, the F344 allele at this locus acts in a transgressive manner for both glucose and immobility such that F344 homozygotes exhibit increased glucose and increased immobility, thus resembling the WKY rat.
Discussion
We identified multiple QTLs for several metabolic phenotypes using a WKY 9 F344 F 2 intercross. WKY rats exhibit increased fasting glucose, increased glucose in response to restraint stress, and increased glucose and insulin in response to a glucose challenge relative to F344 rats, indicating altered glucose regulation in this strain, as previously reported (Ikeda et al. 1981; Katayama et al. 1997) . The increased insulin in response to a glucose challenge suggests that WKY rats maintain appropriate functioning of pancreatic b cells and infer a dysfunction at the level of the target tissues. Most of the loci that we identified overlap with loci previously identified for metabolic traits using F 2 intercrosses of inbred models of T2D (Galli et al. 1996; Gauguier et al. 1996; Granhall et al. 2006; Kanemoto et al. 1998; Wei et al. 1999) , thereby demonstrating that the WKY rat, a known model of depression and stress hyperreactivity (Rittenhouse et al. 2002; Solberg et al. 2004) , also harbors diabetes susceptibility alleles. In addition, significant correlations were found between HPA-related traits and metabolic traits, suggesting an interplay between stress and metabolism in this model.
As previously stated, many patients with diabetes also exhibit comorbid depression (Anderson et al. 2001) , and it has been hypothesized that altered HPA function may link these disorders (Reagan et al. 2008) . In the WKY 9 F344 F 2 intercross, strong correlations were found between postrestraint stress glucose and basal and stress corticosterone, while no correlations were found between HPA axis measures and postprandial glucose or insulin. These results indicate that while the HPA-mediated stress response affects 
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GWAS genome-wide associated study Significant thresholds for BW at 11 weeks at * 37%: 2.15, ** 95%: 3.46. Significant thresholds for BW at 17 weeks at * 37%: 2.11, ** 95%: 3.60 glucose regulation, glucose regulation in response to a glucose challenge does not alter HPA activity. Importantly, post-restraint stress glucose loci on chromosomes 3 (Gluco46) and 5 (Gluco47) overlap with stress corticosterone locus Srcrt-2 and basal corticosterone locus Srcrtb-2, respectively (Solberg et al. 2006) . When the correlation analysis was repeated after subdividing by genotype at these loci, we continued to see correlations but only in certain subgroups, indicating that these traits may be under similar genetic control at these loci. In contrast, while the chromosome 7 locus (Gluco53) for postprandial glucose overlaps a previously identified adrenal weight locus, Sradr-5 (Solberg et al. 2006) , no correlations were found between these traits after subdividing the group based on genotype. These results suggest that altered HPA activity in the WKY rat may indeed play a role in the glucose dysregulation of this strain and offer the possibility that the underlying genetic mechanisms may be similar. Previous studies have demonstrated a surprising overlap between candidate genes identified for HPA activity with those identified for phenotypes involved in metabolic syndrome (Redei 2008) , further emphasizing the significance of these findings. A modest negative correlation was found between postprandial glucose and climbing behavior in the forced swim test (FST) in females, and the chromosome 9 locus (Gluco54) overlaps a locus previously identified for FST immobility (Imm-5) (Solberg et al. 2004 ). Interestingly, while there was no initial correlation between postprandial glucose and immobility, after subdividing the group based on genotype at this locus, a significant correlation was found for males homozygous for the F344 locus. Interestingly, the F344 allele at this locus results in both increased glucose and increased immobility, resembling the phenotype of the WKY rat. It is also interesting to note that postrestraint stress glucose locus Gluco46 overlaps both stress corticosterone locus Srcrt-2 and FST climbing locus Climb-4 (Solberg et al. 2004 ). Again, while there was no initial correlation found between post-restraint glucose or stress corticosterone and climbing, significant correlations were found after dividing the group based on genotype at this locus (Table 8 ). These partial correlations suggest that a common genetic element at this location may control all three phenotypes. Further studies are needed to confirm this hypothesis. These results allude to the possibility of similar genetic mechanisms underlying metabolic, stress, and behavioral phenotypes in the WKY 9 F344 intercross. The locus on chromosome 1 was significant for almost every metabolic trait measured, suggesting that this region plays an important role in metabolic regulation. Interestingly, this region has been studied extensively by multiple groups and has previously been identified as a locus for postprandial glucose and insulin, body weight, fasting glucose, and cholesterol and triglycerides in multiple F 2 crosses using various inbred models of T2D (Chung et al. 1997; Fakhrai-Rad et al. 2000; Galli et al. 1999; Galli et al. 1996; Gauguier et al. 1996; Granhall et al. 2006; Kanemoto et al. 1998; Lin et al. 2001; Wei et al. 1999) . Congenic animals developed using the Goto-Kakizaki (GK) rat, a nonobese model of T2D, demonstrate that this region can be split into areas that affect insulin secretion separately from those that affect insulin resistance (Fakhrai-Rad et al. 2000; Galli et al. 1999; Lin et al. 2001) . These congenics were further fine-mapped into four separate QTLs, each less than 800 kb, that affect body weight and postprandial glucose levels (Granhall et al. 2006) . Recent genome-wide association studies (GWAS) have identified close to 20 genes involved in human T2D, three of which reside within this region: Tcf7l2 and IDE/HHEX (Lango et al. 2008; Zeggini et al. 2008) . While IDE has been identified as a candidate gene in the GK rat (Fakhrai-Rad et al. 2000) , Tcf7l2 does not fall within the narrowed GK congenic region (Granhall et al. 2006) . These data suggest many more genes are likely to be identified within this rich and complex region.
The chromosome 1 locus was not the only locus that had previously been identified using other rat models of T2D. In fact, almost every significant locus and several of the suggestive loci that we identified in this cross for postprandial glucose or insulin levels have previously been identified using either the GK rat or the OLETF rat, animal models of T2D (Tables 2-6) . Furthermore, several genes identified in human GWAS for T2D lie within homologous regions of QTLs for postprandial glucose in this cross (Table 4) (Lango et al. 2008) . These data support the WKY rat as a model of glucose intolerance and demonstrate the utility of this inbred strain for dissecting genes involved in metabolic phenotypes.
Of particular interest is the number of body weight loci that we identified that overlap with body weight loci previously identified using inbred models of hypertension (Inomata et al. 2005; Kovacs et al. 1998; Moreno et al. 2003; Redina et al. 2006) , metabolic syndrome (Bilusic et al. 2004; Kloting et al. 2001; Seda et al. 2005) , and T2D (Chung et al. 1997; Granhall et al. 2006; Watanabe et al. 1999 Watanabe et al. , 2001 ). Furthermore, MC4R, a gene recently identified in human GWAS for obesity (Loos et al. 2008) , lies within the chromosome 18 QTL. While we identified an effect of lineage on body weight at week 17 in the F 2 generation, none of the loci identified interacted with lineage. The majority of the body weight loci were identified at both time points (11 and 17 weeks of age). Interestingly, a few loci were identified only at either week 11 or week 17, suggesting a change in the genetic landscape in the maintenance of body weight over time, as previously found for progression of arthritis (Vingsbo-Lundberg et al. 1998 ) and other complex traits (Garrett et al. 2003) , including diabetes (Nobrega et al. 2009 ). An alternative possibility is that the loci identified only at week 17 may represent loci that interact with environmental stress to affect body weight, because these animals have been through several stressful experimental procedures between weeks 11 and 17, as previously described (Solberg et al. 2003) .
To our knowledge, this is the first study to investigate the genetic basis of the response of glucose to restraint stress, a measure of sympathetic activation, in the rat. Work using this phenotype has previously been conducted in pigs (Desautes et al. 2002) , and one of our suggestive loci is located in the homologous regions of these pig QTLs (Table 3 ; Desautes et al. 2002) . In addition, Cdc123, which has recently been identified for T2D in human GWAS , lies within the homologous region of the rat chromosome 17 QTL. While a positive correlation is found between post-restraint stress glucose and basal and stress corticosterone in the F 2 generation, WKY males exhibit decreased plasma corticosterone and increased glucose after stress relative to F344 males, raising the possibility that glucose availability in the WKY rat is hyperresponsive to glucocorticoids.
We have confirmed that the WKY rat is a rat model of glucose intolerance and have demonstrated that metabolic traits can be mapped to the genome using this inbred strain. We identified a positive correlation between post-restraint stress glucose and basal and stress corticosterone, as well as several overlapping loci between glucose and HPA traits, suggesting that the altered HPA axis in the WKY is likely linked to glucose dysregulation in this strain. Correlations between behavior in the FST and glucose levels also suggest there may be a link between behavior and glucose in the WKY rat. Future studies using congenic rat strains or the heterogeneous stock rat colony (Johannesson et al. 2009 ) are needed to more clearly delineate the relationship between these phenotypes and to fine-map these loci. This study is the first to investigate metabolic traits in an animal model of depression and suggest that the WKY rat may be a useful model for dissecting the underlying genetic mechanisms linking depression, altered HPA activity, and diabetes.
